Introduction {#sec1-1}
============

Epithelial mesenchymal interactions (EMIs) are described as a series of programmed, sequential and reciprocal (complex and multiphase) communications between the epithelium and the mesenchyme with its heterotypic cell population, that result in the differentiation of one or both cell populations.^[@ref1]^ This growth and development process requires an understanding and an interaction between homotypic and/or heterotypic cell populations on the molecular level. Odontogenesis is the process of tooth development, which involves both ectodermal and mesenchymal components, being the key elements in the development of teeth. In order for the tooth to form, an interactive mechanism between these heterotypic cellular populations is required.^[@ref2]^ EMI mechanisms can be observed in the dentino-enamel junction of the tooth. Glands result from the modification of the epithelial structure. During the development of salivary glands, there is a similar interaction between the epithelium and the mesenchyme of this anatomical site.^[@ref3]^ EMI mechanisms can be observed in the development of palatal shelves in palatogenesis. Tumorigenesis is considered to be a complex process of abnormal cell formation. Cancer originates from a single cell, which seems to be of monoclonal nature and is surrounded by other normal and non-mutated cells. Once a malignant tumor is established, the inherent genetic instability of multiple tumor cells could favor the development of sub-populations and clones, that can lead to the expansion of a polyclonal tumor cell population.^[@ref4],[@ref5]^ Ingber *et al.* in 2002 argued that, from the histogenetic perspective, the epithelial-mesenchymal interactions and the resulting deposition of the extracellular matrix may actively contribute to the carcinogenic process.^[@ref6]^ Del Moral *et al.* in 2010 stated that the roles of the epithelium and the mesenchyme in this signaling mechanism can be determined using studies on recombinant.^[@ref7]^ Hence the interaction and signaling mechanism between the epithelial tissue and the mesenchymal tissue (two heterotypic tissues) plays a major role in the formation of a tumor. A greater understanding of the EMIs in these physiological processes may enable us to gain new insights on the mechanism and the molecules involved, and more knowledge about the EMI process in tumorigenesis. Further understanding of EMIs in both physiological and pathological processes will provide us with a deeper understanding of the flexibility of cellular phenotypes and eventually open up new research avenues in the development of new treatment strategies.

Epithelial mesenchymal interactions in odontogenesis {#sec1-2}
====================================================

Odontogenesis can be described as a complex physiological process of tooth development from ectodermal and mesodermal appendages. Interactions between the ectodermal tissue and the underlying mesenchymal tissue are at the basis of the central mechanism regulating the morphogenesis of teeth. Tooth morphogenesis is a progressive process regulated by sequential and reciprocal interactions between epithelial and mesenchymal tissues, during which the simple oral ectoderm thickens, buds, grows and folds to form the complex shape of the tooth crown. The morphological classification system of tooth development divides these changes into stages, namely bud, cap and bell stages. The structures involved in the stages of tooth development include the enamel organ, the dental papillae and the dental sac. The enamel organ derives from the ectoderm, whereas the dental papillae and the dental sac are of mesodermal origin. The enamel organ is composed of ameloblasts, the stellate *reticulum* and the cells of the *stratum intermedium.* The dental papillae consist of odontoblasts and mesenchymal cells. For the development of teeth, the interaction between these ectodermal and mesodermal tissues is essential. In 1887, Von Brunn suggested that odontoblasts differentiate only in the presence of the enamel epithelium.^[@ref8]^ The specific features of the EMIs are explained by the studies on recombinant DNA, which focus on the combination of two or more sources of tissues/DNA. These studies often involve the combination of DNA from different organisms and depend on the ability to cut and recombine DNA molecules at certain points identified by specific sequences of nucleotide bases.^[@ref9]^ In 2010, Del Moral *et al.* maintained that the roles of the epithelium and the mesenchyme in these signaling process can be determined using studies on recombinant tissues.^[@ref7]^ These studies have shown that epithelial signals induced in the mesenchyme lead to the subsequent development of the tooth. The proliferative response of epithelial cells via the keratinocyte growth factor was investigated by studies on recombinant tissues, which provided some evidence that was used to study the EMIs.^[@ref10],[@ref11]^ The experimental procedures in these studies are based on a culture of the bud stage of the tooth development process to evaluate the role of EMI molecules.^[@ref2]^ In 2003, Garant reported that the results from recombinant studies revealed that the tooth continuous to develop in the following two combinations: i) dental epithelium with dental mesenchyme and ii) dental epithelium and skin mesenchyme. On the contrary, no tooth development occurred in cultures obtained with the dental epithelium only, i) the dental mesenchyme, ii) the skin epithelium with dental mesenchyme.^[@ref12]^ Lesot claimed that EMIs are mediated by the extracellular matrix components of the basement membrane, which contains the signaling molecules and enables a strict time and space regulation of cell kinetics, epithelial histogenesis and morphogenesis. ^[@ref13]^

In 2008, Li *et al.* reported that the time and space distribution patterns of the transforming growth factor (TGF)-β2, especially in the basement membrane, the epithelial cells in the basal layer, the enamel knot, the mature odontoblast and ameloblast pointed to a close association between TGF-β2 signaling and tooth crown development, thus indicating that the TGF-β2 has a role in tooth initiation and epithelial morphogenesis.^[@ref14]^

In 2013, Angelova Volponi *et al.* in their bioengineering studies used the adult human gingival cells and the rat dental mesenchyme to develop the tooth. They concluded that epithelial cells derived from adult gingival tissue are capable of responding to tooth-inducing signals from the embryonic tooth mesenchyme and contribute to the development of the tooth.^[@ref15]^ A recent bioengineering study considered the dental epithelium and the dental mesenchyme as a model contributing to tooth development, as reported by Garant in 2003. A novel area in this recent bioengineering study is the use of the human gingival epithelium with the rat mesenchyme.^[@ref12]^ These results showed that time and space specific information is encoded in the basement membrane components. The messenger and signaling information is read by the cell membrane receptor molecules of the adjacent cells.^[@ref16],[@ref17]^ It is clearly understood that, for EMIs to occur, some form of messenger system is required between the epithelium and the connective tissue.^[@ref18]^ These studies also showed that the extracellular matrix molecules and some specific genes mediate these EMI mechanisms. For the EMIs to occur, some form of the messenger system is also required between the epithelium and the mesenchyme. The messenger system could be anyone of the following seven:^[@ref19],[@ref20]^ i) direct cell-cell communication involving the cytoplasmic process and gap junctions; ii) matrix vesicles between two cell populations; iii) ions like potassium (K^+^) and calcium (Ca^+2^) ions; iv) extracellular matrix (ECM) molecules like collagen IV, I, III and fibronectin, tenascin, epithelial cadherin (E-cadherin), laminin; v) molecular diffusion of hormones and growth factors, such as the bone morphogenetic factor, the fibroblast growth factor, the epidermal growth factor, and the TGF; vi) autocrine and paracrine regulators; and vii) messenger RNA.^[@ref6],[@ref19],[@ref20]^ More than 250 genes are reported to be involved in tooth development and control number, position, size and shape of teeth.^[@ref21]^ The majority of these genes are associated with the central regulations of tooth development and also with interactions of the signaling pathways between cells and tissues. The genes regulate the mediators for the signaling pathways and the interaction mechanism. In 2003, Irma Thesleff reported the genes involved in signaling tooth development: pitx2, p21, Msx2, Lef1, Edar, Lhx6, Lhx7, Dix1, Dix2, Paz9, Gli1, Gli2, Gli3, Barx1 and Runx2. These genes have a role in the differentiation and the mineralization during the tooth development process.^[@ref2]^ Therefore EMIs in odontogenesis are considered to be a programmed series of events, which are controlled by various genes, growth factors and extracellular molecules. Hierarchical and sequential functional interactions between the epithelium and the mesenchyme are considered to be a hallmark of embryonic development.^[@ref22],[@ref23]^

Epithelial mesenchymal interactions in dentinoenamel junction {#sec1-3}
=============================================================

The enamel originates from the epithelial tissue, and the enamelforming cell is called ameloblast. On the contrary, dentine derives from the mesenchymal tissue, and the dentine-forming cell is called odontoblast. The location where the enamel and the dentine join is called dentino-enamel junction. The interdigitation of the ameloblasts and odontoblasts is essential for the union of this heterotypic cell population.^[@ref24]^

Epithelial mesenchymal interactions in salivary gland development {#sec1-4}
=================================================================

A gland is a modification of the epithelial structure, and forms to carry out specific functions.^[@ref25]^ A salivary gland is also an epithelial modification and is made up of epithelial components, such as acinar and ductal cells, mesenchymal structures, such as fibrous stroma, vascular elements and a fibrous capsule. Hence EMIs are required for the development of the salivary gland tissue. In 2007, Tucker maintained that the stages in the salivary gland development process are pre-bud, initial bud, pseudo-glandular, canalicular and terminal bud.^[@ref26]^ These developmental stages of the salivary gland formation suggests that branching occurs first, whereas the acinar cytodifferentiation occurs at later stages. Hence, the role of EMIs in salivary gland formation will be explained in both the branching pattern of the gland's formation and the acinar cytodifferentiation.

The presence of EMIs is shown in the studies on recombinant tissues based on cultured combinations of the salivary gland epithelium from the initial bud stage with either the mandibular arch mesenchyme, the mammary gland mesenchyme, or the lung mesenchyme. These combinations showed no normal salivary gland branching pattern. Conversely, culturing combinations of salivary gland mesenchyme with the epithelium of either mammary gland, oral, nasal, or early pituitary gland epithelium showed normal salivary gland like branching.^[@ref3]^

The experiments reveal that the mesenchymal tissue from the anatomical location of the salivary gland has a greater role than the branching pattern of the gland. Further culturing combinations of salivary gland epithelium from the later stages to the initial bud stage with lung mesenchyme showed a normal branching pattern of the gland.^[@ref3]^ These experiments suggest that messenger molecules are already incorporated into the salivary gland epithelium due to the timing in the development process and could follow the normal salivary gland branching pattern, even though it is cultured with lung mesenchyme.^[@ref3]^

In other experimental studies, cultured combinations of sub-mandibular salivary gland mesenchyme and parotid epithelium revealed amylase-secreting serous acinar cells development. Experiments on cultures with a combination of submandibular salivary gland mesenchyme and parotid epithelium revealed the branching of the sub-mandibular salivary gland and an epithelium that could synthesize milk protein after stimulation.^[@ref27]^ In contrast, recombinant studies that cultured combinations of early pituitary epithelium and sub-mandibular salivary gland mesenchyme reported the expression of amylase, whereas culturing combinations of later stages of pituitary epithelium with submandibular salivary gland mesenchyme showed a loss in the flexibility of the amylase expression. The result of this study suggests that EMIs have a time-based role in the development of the salivary gland.^[@ref28]^

In 1980, Cutler stated on the basis of his experimental study on the salivary gland tissue that, in the development of the sub-mandibular salivary gland, morphogenesis and cytodifferentiation are partially coupled, yet independently regulated processes. The earliest phases of morphogenesis (rudiment down growth and primary branching) seem to be required to initiate cytodifferentiation. Once initiated, cytodifferentiation proceeds with continued morphogenesis (tissue organization) or significant amounts of connective tissue elements. ^[@ref29]^

Recombinant studies with salivary glands and the role of EMIs suggest that the branching pattern can be altered by the mesenchyme, but the cytodifferention of the salivary gland epithelial cells cannot be altered, and conclude that cytodifferentiation is an innate characteristic of the epithelium. Terminal differentiation (acinar cytodifferentiation) of the salivary gland epithelium is not dependent on branching, therefore, even when branching is blocked, the cell continues to undergo differentiation. In summary, differentiation is not dependent on signals from the mesenchyme, but it is the isolated epithelium that forms the secretory granules. It should also be noted that temporal and spatial relations were also observed in the development of salivary gland tissue.

Epithelial mesenchymal interactions in palatogenesis {#sec1-5}
====================================================

Palatogenesis is the embryogenic developmental process of the palate. When the palate is well-developed, it separates the nasal and the oral cavities. During the 6^th^ week of palatogenesis, the palatal shelves grow rapidly along the vertical plane by proliferating mesenchymal cells, which undergo a sudden elevation to bring them into a horizontal apposition above the flattening tongue. The movement from the vertical to the horizontal plane of the palate results from the flattening of the tongue during glossogenesis by intrinsic forces and glycosaminoglycans.^[@ref30]^ Following the horizontal elevation of the palatal shelves, the opposing palatal shelves fuse along the midline through a series of interactions in cell adhesion molecules. This is considered to be the EMIs in palatogenesis. The medial edge epithelia needs to be disintegrated and the acquisition of the mesenchymal property is required for palatal shelves adherence. During this process, the medial edge epithelia cells downregulate their E-cadherin, desmosomes, keratin and syndecan; a simultaneous upregulation of vimentin has also been observed.^[@ref31]^ Thus EMIs enable epithelial mesenchymal transitions (EMTs), promoting palatal shelves adherence.

Epithelial mesenchymal interactions in oral cancer {#sec1-6}
==================================================

Tumorigenesis is the process of cancer formation, and the newlyformed mass of tissue is termed neoplasia (*neo*: new; *plasis*: growth). It is well-documented in the literature that the neoplastic tissue is formed as a result of abnormal and dysregulated genetic material. The role of EMIs in cancer can be better explained by using the example of the epithelial tissue malignancies. The new mass of tissue requires angiogenesis for their sustained proliferation and growth.^[@ref5]^ Therefore the role of the stromal microenvironment in angiogenesis is very important in tumor formation. As a consequence of these requirements, epithelial and mesenchymal cells need to have an interactionary signaling mechanism for their growth and proliferation.

Epithelial mesenchymal interactions in normal and malignant epithelium {#sec1-7}
======================================================================

The formation of the epithelial tissue is determined by complex interactions between the epithelium itself and its underlying mesenchyme. In 1967, Grobstein stated that one of the key products of EMIs is the accumulation of a specialized ECM scaffold, called basement membrane, along the epithelial-mesenchymal interface.^[@ref32]^ The basement membrane functions as an extracellular complex of signaling molecules, that drives the differentiation, growth and mitotic signaling of adjacent adherent cells, in addition to stabilizing the character of the epithelium. Therefore the basement membrane can be said to maintain the normal histogenesis and morphogenesis of the epithelium. In the case of malignant tissue, where there is loss of basement membrane contiguity, normal histogenesis is lost; and the involved epithelial tissue adversely proliferates. Most tumors are involved in deregulated interactions between epithelial cells and subjacent mesenchymally-derived connective tissue stroma.

During the oncogenic change, the malignant epithelial tissue gains the ability to induce angiogenesis from the surrounding stroma, thus explaining the importance of the role of EMIs in cancer. As a result, the concept of angiogenesis in tumorigenesis further reinforces the role of EMIs in cancer.

Epithelial mesenchymal interaction and epithelial mesenchymal transition {#sec1-8}
========================================================================

Epithelial malignancies can be microscopically evaluated based on the anatomic integrity of the basement membrane. It is clearly understood that any breach or break in the basement membrane continuity is an obvious indication of frank malignancy. This can occur due to a loss of cell adhesion between the mesenchymal structure and the membrane. This loss of cell adhesion is considered to be a hallmark of malignancy.^[@ref33]^ At the molecular level of cell adhesion, this loss is due to the E-cadherin deregulation, which results in the dissolution of cell-cell tight junctions, and at the same time to the upregulation of a number of mesenchymal markers, including neural cadherin (N-cadherin), vimentin and fibronectin.^[@ref34]^ The cadherin switch from E-cadherin to N-cadherin is considered a hallmark of the epithelial-mesenchymal transition and progression of carcinomas.^[@ref35]^ At this stage, the transformed cell is said to be acquiring mesenchymal properties and therefore to be a hallmark of the EMTs. Furthermore, there is a morphogenetic acquisition of spindle-shaped cells coupled with a loss of polarity in transformed cell. The new physiologic make-up of the cell setting promotes: cell migration, increased metastatic behavior, drug resistance and cancer stem cell transformation. Therefore EMIs and EMTs are the key biological alterations that define the malignant character of cells. This can be often seen microscopically as the invasive front of the tumor tissue.

EMIs may also contribute to tumor initiation in the oral cavity. For instance, the chemical carcinogenesis of the epithelium requires the presence of closely-apposed carcinogen treated epithelium. In 1966 Dawe *et al.* suggested that the malignant transformation cannot take place in an isolated submandibular epithelium or mesenchyme, even though the resulting tumor is epithelial in origin.^[@ref36]^ In 1981, Goldenberg *et al.* in their mice study suggested that epithelial tumors also recruit normal stromal cells to become tumorigenic.^[@ref37]^ The progression of cancer from cell transformation relies on the communication between the tumor cells and the stromal microenvironment.^[@ref38],[@ref39]^ In contrast, few studies with a combination of various unorganized epithelial cancers with normal embryonic mesenchyme showed a reversal of the malignant phenotype, as evidenced by the restoration of the normal epithelial organization and histodifferentiation.^[@ref40]^

Conclusions {#sec1-9}
===========

Epithelial mesenchymal interactions appear to play an important role in the formation and the maintenance of normal tissue architecture, whereas their dysregulation contribute to tumorigenesis. The role of EMIs can be best explained in oral tissues, due to the higher epithelial contribution to the development of oral anatomical structures. The role of EMIs in cancer is clearly understood in epithelial malignancies, due to the function of the basement membrane and the required angiogenic process in cancer. Since epithelial malignancies are more common in oral cancer, the roles of EMIs are better investigated in oral specimens. The test laboratories that diagnose oral cancer need now to research the cause of the alterations in the basement membrane and probe the molecular elements related to the basement membrane. Research should also include the molecules in the tumor microenvironment. A statistical correlation must be identified between molecular elements and parameters such as tumor initiation, progression, angiogenesis, invasion and metastasis. This should lead to a greater understanding of the role of EMI and EMT molecules in tumorigenesis and to the future development of molecular therapeutic solutions for oral cancer.
